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EFFECTS OF FLANGES ON PRESSURE DISTRIBUTION ON A FLAT PLATE AND ON A
. , CORRUGATED SURFACE AT MACH NUMBERS FROM 0.60 TO 1.97
by Albert L Johns and Merle L Jones .
Lewis Research Center
SUMMARY
An experimental investigation was conducted in the Lewis Research Center 8- by
6-Foot Supersonic Wind Tunnel to obtain the: static-pressure field on a flat plate in the
region of a flange.. The tests were conducted on .both a flat-plate surface and a corru-
gated.surface using flange heights ranging from 10 to 125 percent of the boundary-layer
thickness. The corrugated surface was tested to provide, design data for the Centaur
Standard. Shroud, which is used on the Titan/Centaur launch vehicle. The shroud has a
corrugated surface and two field joint rings (or flanges) that extend beyond the corru- .
gation into the airstream. . . .
Data were, obtained at zero degree angle-of-attack only; Mach numbers were varied
from 0. 60 to 1. 97.., The plate was flush mounted to the tunnel sidewall with coinciding
centerlines. ..
Boundary-layer data were obtained on the flat plate without corrugations or a flange.
The boundary-layer thickness varied from 15. 24 centimeters (6.00 in.), maximum at
Mach 0. 80, to approximately 10.15 centimeters (4. 00 in.), minimum at Mach 1. 97.
Upstream of the flange the pressure level of the corrugated configuration with a
flange height of 2. 921 centimeters (1.15 in.) from the plate (1. 397 cm:(0. 55 in.) from
the corrugation crest) was approximately the same as the pressure level on the flat plate
with a 1. 524 centimeters (0.60 in.) flange at both subsonic and supersonic speeds.
For a given flange height, as measured from the plate surface, the addition of cor-
rugations to the plate had the effect of reducing the pressure level"upstf e'ariTof the flange.
The effect on the downstream side was a reduced pressure drop. The addition of cor-
rugations also had the effect of shortening the distance over which the pressures were
perturbed by the presence of the flange, both upstream and downstream of the flange.
 :
There were little differences in pressure between the corrugation crest and trough,
with the exception of the pressure in the immediate vicinity of the flange.
In most instances, from Mach 0. 60 to 1.10 the initial peak pressure ahead of a flange
on a flat plate occurred at a distance approximately equal'to the flange height.
INTRODUCTION
The separation of a turbulent boundary layer in the region of an obstacle such as a
field joint ring (or flange) is a phenomenon of technical importance in the design of space
launch vehicles. It is necessary for the designer to evaluate this separation phenomenon
in terms of its effect on the steady-state pressure distribution on the vehicle surface.
The designer must also know the extent of the region over which this phenomenon acts.
References 1 to 4 describe some of the research that has been conducted in the area
of flow separation with surface projections partially or fully immersed in a turbulent
boundary layer. However, published research of surface projections totally immersed in
a turbulent boundary layer at subsonic and supersonic Mach numbers has been rather
limited. This report documents the investigation of the effects of flow separation, which
is created in subsonic and supersonic turbulent boundary layers by a flange totally or
partially immersed in the boundary layer. The specific problem studied is the steady-
state pressure field produced by the separation of a turbulent boundary layer upstream
and downstream of a flange located on a flat plate with and without corrugated skin. The
flange heights varied from 1. 524 to 12.70 centimeters (0.60 to 5..00 in.) without corruga-
tions and from 1. 524 to 2.921 centimeters (0.60 to 1.15 in.) with corrugation. (Height is
measured from plate surface.)
The test was conducted in the Lewis 8- by 6-Foot Supersonic Wind Tunnel over a
range of Mach numbers from 0.60 to 1. 97. The flat plate was flush mounted to the tunnel
sidewall with coinciding center lines.
SYMBOLS
Cp pressure coefficient, (p, - PQ)/CLA
h flange height, measured from the plate surface
Mn free-stream Mach number
PQ free-stream static pressure
Pj local static pressure
q0 free-stream dynamic pressure
V, local velocity
V« free-stream velocity
y normal distance from plate surface
6 boundary-layer thickness, height of the boundary layer where local velocity be-
comes 99 percent of free-stream velocity
6* displacement thickness, a measure of deficiency in mass flow through boundary
layer as result of stream having been slowed by friction
6 momentum thickness, thickness of free-stream flow necessary to make up de-
ficiency in momentum flux within boundary layer
APPARATUS AND PROCEDURE
Figure 1 shows the plate installation in the wind tunnel. The plate was flush mounted
to the tunnel side wall with its centerline coinciding with the centerline of the side wall.
The plate was located in the modified test section so as to maintain a boundary-layer
height greater than 10.16 centimeters (4.00 in.) over most of the Mach number range.
The plate containing a boundary layer rake is shown in figure 2(a). The plate was 243. 84
centimeters (96. 00 in.) long and 121. 92 centimeters (48.00 in.) wide with a 15° ramp
leading edge. The plate had a thickness of 1. 27 centimeter (0. 50 in.). A boundary-
layer rake with 16 probes (fig. 2(a)) was located 151. 61 centimeters (59. 69 in.) from the
plate leading edge and 2. 54 centimeters (1. 00 in.) off the plate centerline. The 2. 54
centimeters (1.00 in.) offset from the plate centerline was necessary in order to route
the rake instrumentation through the plate. Figures 2(b) and (c) show the details of the
flat plate and corrugated configuration. The leading-edges of the corrugation were slanted
at an angle of 15° and capped. There was a 0. 508-centimeter (0. 20-in.) gap between the
flange and corrugated sections. Figure 2(d) shows the details of a typical corrugated
section.
INSTRUMENTATION
The boundary-layer rake had 19 probes. Only the lower 16 probes were used
(fig. 3(a)). These 16 probes covered a distance of 20. 320 centimeters (8.00 in.) from
the plate. The table in figure 3(a) shows the normal distance from the plate to each probe.
The boundary-layer rake was used to survey the local flow field and to measure the
boundary-layer height. The rake was located 151. 61 centimeters (59. 69 in.) from the
leading edge of the plate. The flanges were also located at this station on the succeeding
tests.
The plate instrumentation is shown in figure 3(b). Thirty-three static-pressure taps
were located upstream of the flange, and 22 downstream. This instrumentation was
routed through a slot located on the underside of the plate. The tables in figure 3(b) show
the axial location of the plate instrumentation both upstream and downstream of the flange!
The instrumentation layout for the corrugated configurations is shown in figure 3(c).
Static-pressure orifices were located along the crest and in the trough corner. With the
exception of the corrugation axial station of ±0. 889 centimeter (±0. 35 in.), the static-
pressure orifices were located at the same axial location as those on the plate.
Only the 2. 921-centimeter (1.15-in.) flange was instrumented (see fig. 3(d)). Three
static-pressure taps were located on the flange along the centerline of the plate as fol-
lows: (1) Upstream side of flange (face), 0..711 centimeter (0. 28 in.) from the flange top;
(2) top of flange (top), 0.508 centimeter (0.20 in.) from the aft side of flange; and (3)
downstream side of flange (aft), 0.711 centimeter (0. 28 in.) from the flange top.
CONFIGURATIONS , , . ..
A configuration summary is given in table I. Seven configurations were tested: the
flat plate with boundary-layer rake, the flat plate with flanges ranging from 1. 524 to ,
12. 700 centimeters (0. 60 to 5. 00 in.); high, and the corrugated skin with flanges 1. 524 and
2.921 centimeters (0. 60 and 1.15 in.) high. All flanges used were 1.575 centimeters
(0. 62 in.) wide. The corrugated skin simulated the actual configuration,of-the launch, ve-
hicle shroud, which has two 2. 2921-centimeter (1.15.in.) high field splice rings (flanges),
measured from the surface on which the corrugations, are mounted. In addition, the
shroud has some wind screens which are flush with the tops of the corrugations.
RESULTS AND DISCUSSION
The pressure coefficient was computed based on a value of free-stream static pres-
sure pQ upstream of the plate. In previous calibrations of this tunnel (refs. 5 and 6) a
relation was determined among operational variables (compressor speed, flexible nozzle
position, second throat position, and plenum chamber suction pressure) such that the flow
was most uniform over the length of the test section and so that model pressure distribu-
tions most nearly matched those of flight vehicles. Blocking part of the perforated wall
with the plate may have affected this calibration slightly, but no attempt was made to
account for it. Also, the boundary-layer transition was natural. The average Reynolds
number profile for the data presented is shown in figure 4.
A comparison of typical pressure coefficient distribution is shown in figure 5 for the
corrugated configuration with 2.921-centimeter flange (the flange extends 1. 397 cm above
the corrugations) and the flat plate with a 1. 524-centimeter flange. The corrugated con-
figuration tends to produce about the same pressure profile ahead of the flange-as the flat-
plate configuration at both subsonic and supersonic conditions. On the downstream side
of the flange, at subsonic Mach numbers, the corrugated configuration has the effect of
extending the region over which the expansion and recompression take place. A lower
minimum pressure occurs with the flat plate, but beyond that point the corrugated con-
figuration creates a lower pressure throughout the region of pressure recovery.
Figure 6 shows typical examples of the effect of flange height on pressure coefficient
for the flat-plate configurations. The data presented are for Mach 0. 60 only, but the
same trend was observed for the Mach number range from 0. 60 to 1.10. Data are pre-
sented in a later figure (fig. 12) showing the pressure coefficient against distance from
the leading and trailing edges of the flange for each Mach number tested. The pressure
coefficient along the plate (for flange heights greater than 1. 524 cm) reaches a peak
then dips and subsequently rises sharply at the flange face. The first peak occurs at a
distance ahead of the flanges approximately equal to the flange height. The minimum
pressure on the downstream side generally occurs from about two to four flange heights
from the aft side of the flange.
The boundary-layer velocity.profiles obtained with the flat plate are shown in fig-
ure 7 over the.Mach number range tested. The velocity profile was used to obtain the
boundary-layer thickness, which is defined as the height where the local velocity be-
comes 99 percent of the free-stream velocity.
The dimensionless boundary-layer profiles are shown in figure 8. The boundary-
layer thickness, displacement thickness, and momentum thickness are presented in
figure 9 for the Mach number range tested.
A comparison of the pressure distributions for a flat plate with a boundary-layer
rake and a flat plate and a corrugated configuration with a flange height of 1. 524 cen-
timeter is shown in figure 10. The flat plate with the 1. 524 centimeter flange had a
large pressure rise on the compression side (relative to the flat plate with no flange) and
a low pressure region on the expansion side of the flange. When the corrugated skin was
added to the flat plate, a substantial reduction occurred (relative to the flat plate with
.flange) in both pressure rise and pressure drop and in the extent of the affected region.
This effect of the corrugated configuration-prevailed throughout the Mach range tested.
Figure 11 compares the pressure distribution for the flat plate and corrugated con-
figurations with a 2. 921-centimeter flange. The results from these configurations
.showed an effect similar to that of the 1. 524-centimeter flange, which is shown in fig-
ure 10. However, the difference in magnitude of the pressure level between the flat
plate and the corrugated configuration was smaller with the 2. 921-centimeter flange
than with that of the 1. 524-centimeter flange.
The flat plate configuration (fig. 11) with a 2. 921-centimeter flange shows an affect
of the flange up to 100 centimeters ahead of the flange. The initial peak pressure occurs
approximately 3 centimeters ahead of the flange. The peak values increased with Mach
number to MQ = 1.20 and decreased thereafter. Concurrently, the pressure region af-
fected by the flange decreased from 100 centimeters at MQ = 0. 60 to about 16 centime-
ters at MO = 1. 97. On the upstream side of the flange, the corrugated configuration
caused both a reduction in the peak pressure level and the region over which the pressure
rise occurred. However, the minimum pressure downstream of the flange was about the
same for both the flat plate (with flange) and the corrugated configuration through the sub-
sonic range. But at the supersonic conditions the corrugated configuration produced a
lower pressure drop (higher local pressure) than the flat plate. The region affected by
the expansion-recompressipn (downstream side of the plate) was smaller with corruga-
tion over the Mach number range.
Three static-pressure orifices were located on the 2. 921-centimeter flange along the
centerline of the plate. Pressure coefficients for these orifices are given in table II for
the Mach number range tested.
Effects of flange height on the pressure coefficient distribution are shown in figure 12
for the flat plate configurations. The pressure coefficient upstream of the flange first
peaked at a distance approximately equal to the configuration flange height from
MO = 0.60 to 1.10. The minimum pressure on the downstream side of the plate generally
occurred from about two to four flange heights.
SUMMARY OF RESULTS
An experimental investigation was conducted in the Lewis Research Center 8- by
67 Foot Supersonic Wind Tunnel to obtain the static-pressure field on a plate in the region
of a flange placed normal to the airstream. Tests were conducted on both a flat plate
surface and a corrugated surface using a range of flange heights. The corrugated sur-
face was tested in order to provide design data for the Centaur standard shroud, which
is used on the Titan/Centaur launch vehicle. The shroud has a corrugated surface and
two field joint rings (or flanges). These extend beyond the corrugation into the airstream.
The flat plate was flush mounted to the tunnel sidewall such that the centerlines coincided.
Data were obtained at a zero degree angle-of-attack and at Mach numbers from 0. 60 to
1. 97. The following observations were made:
1. Data from the flat plate, 1.524-centimeter flange configuration and the corrugated
plate 2. 921-centimeter flange (1. 397 cm above the top of the corrugation) configuration
indicate that within a range of flange heights, the corrugated sheet acts as a flat plate.
The portion of the flange that extends above the corrugations creates essentially the same
pressure profile as a flange that extends the same distance above a flat plate. This is
particularly true upstream of the flange at all Mach numbers tested and downstream of
the flange at supersonic Mach numbers.
6
2. A flange normal to the flow on a flat plate caused a pressure rise upstream of the
flange and a low-pressure region on the downstream side. In general, from Mach 0.60
to 1.10 a pressure peak occurred at a distance equal to the flange height. The minimum
pressure on the downstream side of the flange generally occurred about two to four flange
heights from the aft side of the flange.
3. The effect of corrugations was to reduce both the magnitude of the pressure change
and the length of the regions that were influenced by the flange.
4. In general, there were little differences in the pressures between the corrugation
trough and crest, with the exception of the pressures in the immediate vicinity of the
flange.
Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, August 8, 1973,
501-24.
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TABLE H. - 2. 921-CENTIMETER FLANGE PRESSURE COEFFICIENTS
(a) Flat plate configuration . (b) Corrugated configuration •
TABLE I. - CONFIGURATION SUMMARY
Skin
Flat plate
Corrugated
Flange height.
cm
"o
1.524
2.921
6.350
12.700
1.524
2.921
aBoundary layer survey rake.
Mach
number
'0.60
. 80
.90
.95
.978
1.00
1. 10
1.20
1.40
1.60
1.80
1.97
Pressure coefficient, Cp
Face
0.354.
.452
.483
.487
.484
.518
.508
.532
.496
.458
.402
- . 393
Top
-0.371
. 394
.416
.450
.481
.534
.594
.588
.434
.248
. 158
.085
Aft
-0.332
. 348
.368
.403
.431
.477
. 529
.480
1377
.310
.265
.211
Mach
number
0.60
.80
.90
.95
.978
1.00
1. 10 .
1.20
1.40
1.60
1.80
1.97
Pressure coefficient C
P
Face
0.297
. 366'
. 366
. 365
.389
.392
.409
.419
.404
. 363 .
.314
.317
Top
-0.411
.432
.445
.465
.487
."519
..-536.
.489
. 355
.176
. 117
.045
Aft
-0. 345
.369
. 386 -.
.409
.424
.468
.476
.420
.331
.278
.232
.184
Tunnel station: 433.8(170.8) 677.84(266.80)
-Tunnel celing
Boundary-layer rake7
a''
^Plate
Figure 1. - Plate installation in 8- by 6-foot supersonic wind tunnel. (All dimensions are in cm (in.).)
1.27(0.5)
60.96
(24,00)
(a) Plate with boundary-layer survey rake.
-nr 1.571 (0.62)
151.61(59.69)
(bl Plate with flange.
Figure 2. - Details of test configurations. (Dimensions are in cm (in.).
9
r- Corrugated skin (see fig. 2<d) for details)
i
to. 508 (0.20) gap
•
151.61 (59.69)
(c) Plate with corrugated skin and flange.
—1 h— L 092 (tt 43)
a 305 (a 12) rad. (typical)
4.712(1.855)
(d) Typical corrugation section.
Figure 2. - Concluded.
Aluminum sheet
7075-T6 clad
a 102 (a 04)
10
Probe
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
y
cm
0.254
.762
1.270
1.905
2.667
3.556
4.572
5,715
6.985
8.382
9.906
11.557
13. 335
15.240
17.780
20. 320
in.
0.10
.30
.50
.75
1.05
1.40
1.80
2.25
2.75
3.30
3.90
4.55
5.25
6.00
7.00
8.00
(a) Boundary-layer survey rake.
Static
pressure
orifice
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
Upstream distance from
leadinge edge of flange
cm
124.460
119.380
114. 30
109. 22
104.14
99.06
93.98
88.90
83.82
78.74
73.66
68.58
63.50
58.42
53.34
48.26
43.18
38.10
33.02
27.94
22.86
20.32
17.78
15.24
12.70
10.16
7.62
6.35
5.08
3.81
2.54
1.27
.254
in.
49.00
47.00
45.00
43.00
41.00
39.00
37.00
35.00
33.00
31.00
29.00
27.00
25.00
23.00
21.00
19.00
17.00
15.00
13.00
11.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.50
2.00
1.50
1.00
.50
.10
t-Instrumentation routing slot,
1 0.381 by 21.59 (0.15 by 8.50)
7ZZ&
I II I1
• 1 33»
1
•37 58«
ii i
I I
Static
pressure
orifice
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
Downstream distance from
trailing edge of flange
cm
0.254
1.27
2.54
3.81
5.08
6.35
7.62
10.16
12.70
15.24
17.78
22.86
27.94
33.02
38.10
43.18
48.26
53.34
58.42
63.50
68.58
73.66
in.
0.10
.50
1.00
1.50
2.00
2.50
3.00
4.00
5.00
6.00
7.00
9.00
11.00
13.00
15.00
17.00
19.00
21.00
23.00
25.00
27.00
29.00
(b) Plate instrumentation.
Figures. -Instrumentation. (Dimensions are in centimeters (in.).)
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End view,
looking downstream
Static-pressure
orifice
Trough
1
3
5
7
9
11
13
15
17
19
21
23
25
27
29
31
33
35
37
39
Crest
2
4
6
8
10
12
14
16
18
20
22
24
26
28
30
32
34
36
38
Upstream distance
from leading
edge of flange
cm
54.34
48.26
43.18
38.10
33.02
27.94
22.86
20.32'
17.78
15.24
12.70
10.16
7.62
6.35
5.08
3.81
2.54
1.27
.889
.254
in.
21.00
19.00
17.00
15.00
13.00
11.00
9.00
8.00
7.00
6.00
5.00
4.00
3.00
2.50
2.00
1.50
1.00
.50
.35
.10
nstrumentation
routing of trough^ Instrumentation
routing of crest
Tunnel wall
=
!!
Trough-, 39-., II
.. i* 38-f
^Crest 11
iiii
(c) Corrugated skin instrumentation.
Static-pressure
orifice
Trough
43
45
47
49
51
53
55
57
59
61
63
65
67
69
1
 71
73
75 •
Crest
44
46
48
50
52
54
56
58
' 60
62
64
66
68
70
72
74
Downstream distance
from trailing edge .
of flange
:
 cm '
0.254
.889
1.27
2.54
3.81
5.08
6.35
7.62
10.16
12.70
15.24
17.78
22.86
27.94
33.02
38.10
43. 18 '
in.
0.10
.35
.50
1.00
1.50
2.00
2.50
3.00
4.00
5.00
6.00
7.00
9.00
11.00
13.00
15.00
17.00
1.575
(0.62)
Aft^7™, 0.508 j
\ l°-z?' (n TK\S<s
Static pressure orifice locations
_0.711
(0.28)
2.921(1.15).
(d) 2.92-Centimeter (1.15-in.) flange instrumentation.
Figure 3. - Concluded.
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